Oxidized LDL (oxLDL) and nitric oxide (NO) exert contradictory actions within the vascular endothelium microenvironment influencing key events in atherogenesis. OxLDL and NO are so far regarded as representative parameters of oxidative stress and endothelial dysfunction, new targets in prevention, diagnosis and therapy of cardiovascular diseases, and also as candidate biomarkers in evaluating the human biological age. The aim of this review is to explore recent literature on molecular mechanisms and pathophysiological relationships between LDL oxidation, NO synthesis and vascular endothelium function/dysfunction in ageing, focusing on the following aspects: (1) the impact of metabolic status on both LDL oxidation and NO synthesis in relation with oxidative stress, (2) the use of oxidized LDL and NO activity as biomarkers in human studies reporting on cardiovascular outcomes, and (3) evidences supporting the importance of oxidized LDL and NO activity as relevant biomarkers in vascular ageing and age-related diseases.
Introduction
The vascular endothelium, with its broad spectrum of paracrine and autocrine functions, can be regarded as a multifunctional organ and "chief governor" of body homeostasis. Occupying a strategic location between the blood and tissues, the endothelial cells exist in a "high-risk position" and react progressively to aggressive factors, at first by modulation of the constitutive functions: permeability (i.e., increased transcytosis of lipoproteins) and biosynthesis (i.e., enhanced synthesis of the basement membrane and extracellular matrix) (Simionescu and Antohe, 2006; Sima et al., 2009) . Even though the endothelial cells are resourceful cells that have the functional-structural attributes to adapt to the ever-changing surrounding milieu, to use innate mechanisms to confront and defend against insults, the ageing process induces a progressive failure of protective mechanisms, leading to vascular alterations (Dantas et al., 2012) . It is becoming evident that ageing results in well-defined phenotypic changes and, as a consequence, a heightened susceptibility of the cardiovascular system to diseases, even in absence of traditional risk factors (e.g., hypertension, hypercholesterolemia, diabetes, and smoking). Moreover, age-related alterations in cellular homeostatic mechanisms also impact the aged vasculature making it more liable to the damaging effects of the traditional pathophysiological conditions (Ungvari et al., 2010) .
Endothelial dysfunction, a systemic pathological state defined as imbalance between vasodilating and vasoconstricting compounds produced by and acting on the endothelium, precedes development of atherosclerosis, leading to reduced vasodilation, pro-inflammatory and pro-thrombotic states (Deanfield et al., 2007) .
In the last three decades, oxidation of low density lipoproteins (LDL) and nitric oxide (NO) synthesis have been discovered in parallel, studied extensively and considered as important mechanisms contributing to endothelial dysfunction, vascular ageing and disease. Oxidized LDL and NO exert contradictory actions within the vascular endothelium microenvironment influencing key events in endothelial dysfunction and atherogenesis such as: leukocyte adhesion, platelet aggregation and vascular smooth-muscle cell proliferation and migration. While oxidized LDL (oxLDL) -an oxidative stress biomarker has been identified as a non-traditional, pro-atherogenic emerging risk factor for coronary heart disease, NO is a free radical signal-transducing molecule that maintains the vasodilating tone, modulates in vitro lipid peroxidation reactions and alters pro-inflammatrory gene expression (Holvoet et al., 2008a; Borsa et al., 2012) .
The LDL oxidation and NO activity are so far regarded as representative parameters of oxidative stress and endothelial dysfunction, new targets in prevention, diagnosis and therapy of cardiovascular diseases, and also as candidate biomarkers in evaluating the human biological age (Rodriguez-Manas et al., 2009; Verhoye and Langlois, 2009; Maiolino et al., 2013a,b; Zuliani et al., 2012; Paik et al., 2013; Bürkle et al., 2015; Moreno-Villanueva et al., 2015a,b; Capri et al., 2015; Baur et al., 2015) .
The aim of this review is to explore recent literature on molecular mechanisms and pathophysiological relationships between LDL oxidation, NO synthesis and vascular endothelium function/dysfunction in ageing, focusing on the following aspects: (1) the impact of metabolic status on both LDL oxidation and NO synthesis in relation with vascular oxidative stress, (2) the use of oxidized LDL and NO activity as representative biomarkers in human studies reporting on cardiovascular outcomes, and (3) evidences supporting the importance of oxidized LDL and NO activity as relevant biomarkers in vascular ageing and age-related diseases.
Relationships between NO synthesis and LDL oxidation in endothelial dysfunction
In the endothelial microenvironment, concurrently, a variety of substances that influence endothelial function have been recognized, but among them NO and oxLDL are the best characterized key players sharing significant antagonistic roles, and being involved in all phases of atherogenesis .
Nitric oxide, a non-eicosanoid component of endothelialderived relaxation factor (EDRF) is the most important vasodilating molecule being continuously synthesized by the endothelial constitutive isoform of nitric oxide synthase (eNOS and NOS III) under the action of different neurohumoral mediators such as acetylcholine and circulating hormones (catecholamines, vasopressin and aldosterone), plasma constituents (thrombin, sphingosine 1-phosphate), platelet products (serotonin, adenosine diphosphate), and autacoids (histamine, bradykinin and prostaglandin E4) (Michel and Vanhoutte, 2010) .
In addition to maintenance of normal organ blood flow, endothelium derived NO has the following pleiotropic vasoprotective, cardioprotective and anti-atherogenic effects, summarized in numerous review articles (Michel and Vanhoutte, 2010; Ungvari et al., 2010; Jin and Loscalzo, 2010; Bermúdez et al., 2008) : (1) prevents abnormal constriction (vasospasm) of the coronary arteries, which favors intraluminal clot formation and inhibits platelets aggregation and adhesion to endothelium surface (anti-thrombotic effect); (2) inhibits the release and action of the vasoconstrictor and mitogenic peptide endothelin-1, decreases endothelial permeability and reduces vessel tone, reducing lipoproteins flux into the vessel wall, vascular smooth muscle cell proliferation and migration (cell growth inhibition and anti-atherogenic effect) (Verma et al., 2003) ; (3) inhibits the NF-B activation and determines a disruption of pro-inflammatory cytokine -induced signaling pathways; NO reduces the endothelial expression of intracellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and endothelial leukocyte adhesion molecule-1(ELAM) (anti-inflammatory effect) (Rubio and Morales-Segura, 2004) ; (4) suppresses endothelial cell apoptosis and preserves the endothelial progenitor cell (EPC) function and regulation of tissue energy metabolism (anti-apoptotic, vasoprotective and cardioprotective effect) (Ungvari et al., 2010) ; (5) controls mitochondrial oxygen consumption and maintains cellular redox state. At physiological levels, NO is a highly reactive free radical that can also attenuate the metal/peroxide oxidative chemistry, as well as lipid peroxidation, and may limit oxidative injury to mammalian cells (antioxidative effect) (Wink et al., 2001; Müller et al., 2004) .
Oxidative stress is one of the causative factors involved in ageing and pathogenesis of cardiovascular disease. While the chronological age is classified as major nonmodifiable risk factor for cardiovascular disease, the majority of modifiable atherosclerotic risk factors like hypertension, dyslipidemia, chronic hyperglycemia and cigarette smoking are real harmful stimuli that accelerate disease progression by augmenting the production of reactive oxygen species (ROS) (Nilsson, 2008) .
The damaging effects of oxidative stress on cardiovascular system determine endothelial dysfunction through reduction in nitric oxide (NO) synthesis and bioavailability, inflammatory response, and lipid peroxidation. The endothelium is continuously exposed to various physiological molecules that may have a direct impact on nitric oxide actions (Chikani et al., 2004) . Plasma lipoproteins, by virtue of their close interactions with endothelial cells in the vasculature and the susceptibility of their surface lipids to oxidative modification, are perfect biological "sensors" of oxidative stress in the arterial wall (Le, 2015) . LDLs as main blood cholesterol carriers, containing relevant amount of polyunsaturated fatty acids (PUFAs) -major substrate for lipid peroxidation, are among various molecular targets the most affected by the oxidative stress associated with metabolic imbalance (hyperlipidemia, hyperglycemia, insulin resistance). Therefore, the oxidative modification hypothesis of atherosclerosis recognizes the crucial role of oxLDL as a byproduct of LDLs exposure to ROS (Steinberg and Witzum, 2010) .
OxLDL promotes endothelial dysfunction and contributes to the atherosclerotic plaque formation, progression and destabilization, by several mechanisms described in numerous recent review articles (Maiolino et al., 2013b; Xu et al., 2013; Le, 2015) : (1) chemotactic recruitment, activation, and proliferation of monocytes/macrophages in the arterial wall, through the induction of the expression of intercellular adhesion molecule-1 (ICAM-1) and vascular-cell adhesion molecule-1 (VCAM-1), thus stimulating their binding to endothelial cells; (2) its identification and rapid uptake by macrophages, followed by foam cells formation; (3) stimulation of smooth muscle cells (SMCs) migration and proliferation in the tunica intima, following the increase of the expression of growth factors, such as platelet-derived growth factor (PDGF) and basic fibroblast growth factor (FGF) by endothelial cells and macrophages. Subsequently, oxLDL stimulate collagen production by SMCs and increase secretion of matrix metalloproteinases 1 and 9 (MPP-1 and MPP-9) inducing SMCs apoptosis; (4) cytotoxicity exerted mainly on the endothelial cells, which promote their apoptosis and the release in the subendothelial space of lipids and lysosomal enzymes; (5) stimulation of platelet adhesion and aggregation by decreasing endothelial production of nitric oxide, increasing prostacyclin production; (6) blockage of coronary artery relaxation (vasoconstriction) by downregulating eNOS expression, by inhibiting NO and increasing endothelin production. The above evidences explain the pro-inflammatory, pro-oxidant, pro-thrombotic, and vasoconstrictor actions of oxLDL, accounting for its global pro-atherogenic effect on vascular endothelium.
Consequently, NO and oxLDL are important biological mediators that promote protective vs. pathogenic effects in the vasculature, simultaneously and concurrently. By reducing NO synthesis and bioavailability, oxLDL breaks the balance of the vessel wall and results in defective endothelial-dependent vasodilation (Fig. 1) .
Endothelial dysfunction refers to inability of the endothelium to regulate vascular homeostasis, and essentially describes "tipping" of the physiological balance in favor of vasoconstrictive, pro-inflammatory and pro-thrombotic effects that promote atherosclerosis. These endothelial function abnormalities strongly related to both biomarkers -NO and oxLDL, could be detected early in the development of CVD, often before symptoms are clinically evident (Roberts and Porter, 2013) .
However, taking into account data derived from studies based on molecular and clinical approaches these two biomarkers do not seem to exert their antagonistic influence on vascular endothelium with the same significance. Impairment in NO, a common feature in patients with endothelial dysfunction, is considered to predict atherosclerosis and cardiovascular events (Ignarro and Napoli, 2004) , whereas upregulation of oxLDL levels is a hallmark feature of atherosclerosis development (Steinberg and Witzum, 2010) . Elevated levels of oxidized LDL, mainly formed within the arterial wall, are commonly related to the pro-atherogenic profile (Steinberg, 2009) . Numerous reviews summarized the mechanisms of oxidative stress in association with endothelial dysfunction, LDL oxidation and NO degradation, with ROS being the common mechanism by which different CVD risk factors trigger atherosclerosis (Cai and Harrison, 2000; El Assar et al., 2012; Le, 2015) .
On the whole, the decline in NO bioavailability is caused by the cumulative effects of many factors and processes: the decreased expression of the endothelial NO synthase, a reduction of substrate or cofactors for eNOS, alterations of cellular signaling, eNOS inhibition by asymmetric dimethyl arginine, reduced NO production and accelerated NO degradation by hyperlipidemia, chronic hyperglycemia, oxidative stress and obviously, LDL oxidation. Endothelial dysfunction occurs in response to vascular risk, hence metabolic status may influence both ageing-related vascular oxidative stress and inflammation .
OxLDL and NO synthesis -oxidative stress and cardiovascular risk biomarkers
Given the central role of the endothelium in the development and clinical course of atherosclerosis, endothelial biomarkers testing may serve as useful tools in cardiovascular risk and outcomes assessments. Current evidence suggests that endothelial function is an integrative marker of the net effects of damage from traditional and emerging risk factors on the arterial wall and its intrinsic capacity for repair. These endothelial-dependent biomarkers are important in the atherosclerosis initiation/progression, the disease state of stable/unstable transitions, as well as clinical research outcome (Deanfield et al., 2007) .
An important step forward in clinical studies was to explore the metabolic determinants of oxLDL and the relation between oxLDL and endothelial function measured as endothelium NO release and action. Hence, in this review we focused mainly on the interrelations of metabolic atherogenic risk factors with lipoxidative stress and endothelial dysfunction biomarkers. Numerous oxidative stress biomarkers show strong associations with the onset and progression of coronary artery disease (CAD) and predict cardiovascular events, being surrogate biomarkers and likely complementing diagnostic investigations (Meisinger et al., 2005; Tsimikas et al., 2012; Wang et al., 2013) . Particularly, the LDL particles' susceptiblity to oxidation is included among the "downstream markers" of oxidative stress ).
An indirect marker of in vivo oxidation of plasma LDL is the increase of the titer of autoantibodies against neo-epitopes in oxLDL (Tsimikas et al., 2007) but its relevance in coronary heart disease (CHD) remains controversial. By contrast, a direct, widely applied sensitive immunoassay quantifying the circulating levels of oxLDL uses the monoclonal antibody 4E6, directed against oxidized apolipoprotein B-100 moiety of LDL. However, all the methods using different antibodies to oxLDL most probably detect and measure the circulating minimally oxidized LDL which represents only a minor fraction of LDL ranging from 0.001%, in healthy controls, to approximately 5%, in patients with acute coronary events (Holvoet et al., 2008a) . Moreover, circulating oxLDLs are strongly correlated to LDL-cholesterol and apoB100, making it difficult to unravel their independent contribution to cardiovascular risk (van der Zwan et al., 2009) . For this reason, it has been suggested that the oxLDL/LDL-cholesterol ratio (i.e., the relative amount of oxLDLs) could be the best indicator of the risk associated with oxLDLs levels.
Most cohort studies underline the associations between oxLDL and cardiovascular events or mortality, in particular those including a very high-risk population, specifically with age-related chronic metabolic diseases and their complications. For an overview on the association of oxLDL with cardiovascular events the reader is referred to a recent review by Maiolino et al. (2013b) .
In middle-aged and elderly subjects, obesity and dyslipidemia are the strongest predictors of levels of oxLDL (Kopprasch et al., 2002; Holvoet et al., 2004) . Recently, the association between dyslipidemia and oxidation of LDL has been demonstrated in elderly individuals, even in the pre-diabetic state (Gradinaru et al., 2013) . In this regard, an increase in immunologically detected epitopes of oxLDL in subjects with abdominal obesity was reported by several authors (Couillard et al., 2005; Weinbrenner et al., 2006; Njajou et al., 2009; Babakr et al., 2014) . Thus, higher levels of oxLDL were associated with increased incidence of metabolic syndrome (MetS) overall, as well as its components of abdominal obesity, hyperglycemia and hypertriglyceridemia in the population-based, prospective, observational study CARDIA (The Coronary Artery Risk Development in Young Adults) (Holvoet et al., 2008b) . Moreover, oxLDL was suggestively associated with a greater prevalence of internal carotid intimal-medial thickness (IMT) and detectable coronary artery calcium (CAC) in a 997 participants (aged 45-84 years) of MESA Study (Multi-Ethnic Study of Atherosclerosis) without clinical CAD. However, this study pointed out that metabolic abnormalities and oxidative endothelial damage may lead to atherosclerotic disease through distinct mechanisms (Vaidya et al., 2011) . Increased circulating oxLDL levels have been related to CVD in some studies, although not always independently after adjustment of classical lipid markers. In this sense, Wu et al. (2006) suggested in a prospective cohort study that oxLDL as an individual parameter, measured with antibody 4E6, was not an independent overall predictor of CHD, being less predictive than apoB and total cholesterol/HDL-cholesterol ratio. Also, in 2524 healthy middle-aged subjects (Asklepios study) oxLDL was affected by many biological and lifestyle factors, as well as subclinical atherosclerosis (Verhoye and Langlois, 2009 ). Autoantibodies to oxLDLs (anti-oxLDLAbs) were detectable in the serum of subjects with and without atherosclerosis, but it is unclear if they play a pathogenic or a protective role in atherogenesis or if they are simply a marker of atherosclerosis. In a prospective cohort study (748 patients) of the GENICA study who underwent coronary angiography and assessment of incident CV events at follow-up, high titer of anti-oxLDLAbs is a marker which predicts long term cardiovascular mortality in high risk patients (Maiolino et al., 2013a) . Conversely, also in a recent study, Zuliani et al. (2012) using data for the InCHIANTI dataset (1025 older community dwelling individuals), a 9-year follow-up population-based study, no association emerged between higher oxLDLs levels (measured with antibody 4E6) and CVD/cardiac mortality, suggesting that in advanced age the prognostic information added by oxLDLs might be negligible. This study underlined also that LDL-cholesterol (LDL-C), triglycerides, and HDL-cholesterol (HDL-C) are the most important determinants of oxLDLs levels, indirectly suggesting an association between small dense LDLs and LDLs oxidation. Interestingly, a negative association between oxLDLs levels and age was found in this study population, perfectly mirroring the relationship between LDL-C and age. This finding suggests that after 65 years of age, although the oxidative stress might increase with ageing, circulating oxLDLs tend to decrease as a consequence of the progressive reduction of the substrate.
It is noteworthy that circulating levels of oxLDL reflect both the quantity and the "quality" of LDL particles, as cholesterol, phospholipids, polyunsaturated fatty acids and apolipoprotein B-100 are the LDL substrates for oxidation, being significantly influenced by the presence of endogenous lipophilic antioxidants: ␣-and ␥-tocopherol, ␤-carotene, ubiquinol-10 (Esterbauer et al., 1992) . Therefore, the estimation of in vitro LDL susceptibility to oxidation includes evaluation of specific products of the lipid peroxidation chain reaction, after the exposure of isolated LDL particles to a standard oxidative stress. The extent in formation of thiobarbituric reactive substances (TBARS), conjugated dienes, lipid hydroperoxides, and aldehydes, could indicate its oxidizability.
As indicator of NO activity, the measurement of endotheliumdependent vasodilation (flow-mediated dilation method, FMD) by inducing reactive hyperemia in the brachial artery, is the golden standard in clinical practice (Hirata et al., 2010) . NO present in the circulation is resulting from endothelial and smooth muscle cells, thrombocytes, leukocytes and cardiomyocytes (Pacher et al., 2007) . Systemic NO activity is the net result of a balance between its production and its inactivation by oxygen free radicals. NO released in vivo rapidly autooxidizes to yield nitrite (NO 2 − ), which interacts with oxyhemoglobin yielding nitrate (NO 3 − ). Because nitrite plus nitrate are relatively stable compounds in blood, their levels may be a biochemical index of systemic NO production being assessed as NO metabolic-pathway products, NOx (NO 2 − + NO 3 − ) (Lundberg and Weitzberg, 2005) .
Given the vast range of vasoprotective effects of NO, the term endothelial dysfunction generally refers to a reduced NO bioavailability, through decreased eNOS expression. Indeed, using these procedures, it has been demonstrated that patients with confirmed CVD, and importantly, even those who carry risk factors for future CVD events, had impaired endothelial-dependent vasodilation (Roberts and Porter, 2013; van der Zwan et al., 2009) .
Among the twenty-five recent human studies reporting on associations between oxidized LDL, vascular endothelial function and different cardiovascular outcomes, fifteen reported the clinical assessment of the brachial artery flow-mediated dilation (FMD) as a measure of endothelium (NO)-dependent response, and ten studies reported the biochemical evaluation of plasma NO stable metabolites, NOx (nitrite + nitrate). Their application in the assessment of endothelial dysfunction in adult and elderly subjects, is summarized in the Tables 1 and 2 .
With respect to the contradictory actions and interrelations of oxLDL and NO within the vascular endothelium, we recently proposed the use of a new marker of endothelial dysfunction, namely the ratio of oxLDL to NOx (oxLDL/NOx), which could be a more accurate estimation of the in vivo cumulative implications of oxLDL and NO in atherogenesis Gradinaru et al., 2012 Gradinaru et al., , 2013 . Thus, in 170 elderly hyperlipidemic subjects we pointed out the strong positive associations of this ratio with the atherogenic index and the atherogenic risk markers: total cholesterol/HDL-C and oxLDL/HDL-C ratios. These significant relationships were in support to propose the ratio oxLDL/NOx as a potential marker of endothelial dysfunction. The future in depth studies, should take into consideration its association with clinical parameters of vascular endothelial functions, to further test this new candidate marker as biomarker of vascular ageing.
For these reasons, we used the susceptibility of LDL to oxidation and NO metabolic pathway products in MARK-AGE European Study to Establish Biomarkers of Human ageing, as biomarkers of oxidative stress and endothelial dysfunction in evaluation of biological age Moreno-Villanueva et al., 2015a,b; Capri et al., 2015; Baur et al., 2015) .
Oxidized LDL and NO synthesis in human vascular ageing
Ageing of the cardiovascular system has represented a real challenge for the human health, ever since we start to age at the first heartbeat (Thorin and Thorin-Trescases, 2009) . Atherosclerosis is associated with premature biological ageing, as atherosclerotic plaques show evidence of cellular senescence characterized by reduced cell proliferation, irreversible growth arrest and apoptosis, elevated DNA damage, epigenetic modifications, and telomere shortening and dysfunction (Wang and Bennett, 2011) . Diseases of the vascular system such as hypertension, chronic coronary disease and diabetes have long been considered to be age-related in terms of their onset and progression. In endothelial cells these changes result in a phenotype that is pro-inflammatory, pro-atherosclerotic, and pro-thrombotic. Endothelial cell (EC) senescence can be induced by a number of factors implicated in vascular pathologies, particularly by sustained cell replication and oxidative stress (Erusalimski, 2009) .
Ageing is associated with an increase in arterial stiffness and an impairment of endothelial function -early important event leading to CVD (El Assar et al., 2012) . Many studies attempting to elucidate the mechanisms behind this decline have used animal models (Wu et al., 2014) . The key role of endothelium derived NO in protecting the cardiovascular system during ageing is underscored by the findings that eNOS knockout mice exhibit a premature cardiac ageing phenotype associated with early mortality (Li et al., 2004) Among mechanisms that are proposed to contribute to age-dependent endothelial dysfunction, the most acknowledged evidenced the following aspects: (1) reduction of NO bioavailability, caused by diminished NO synthesis and/or by augmented NO scavenging due to oxidative stress; (2) increased oxidative stress in the endothelial microenvironment; (3) increased oxidation of LDL; (4) development of a low-grade pro-inflammatory environment; (5) increased activities of vasoconstrictor factors; (5) impaired endothelial cell function and maintenance repair systems by endothelial progenitor cells (EPC) (El Assar et al., 2012; Wadley et al., 2013; Ungvari et al., 2010) .
Higher levels of oxidative stress and inflammation are major determinants of reduced vascular function in human ageing, being included in the vascular health triad concept (Wadley et al., 2013) . Elevated circulating levels of high sensitivity CRP (hsCRP) and oxidized LDL were associated with CVD (Obradovic et al., 2015) ; and other inflammatory markers (e.g., tumor necrosis factoralpha [TNF␣], sVCAM-1, sE-selectin, interleukin [IL]-6, IL-18, and MCP-1) were correlated with age, independently of other cardiovascular risk factors (Ungvari et al., 2010) . In particular, elderly people often present a low-grade, chronic, systemic inflammation with age, termed "inflammaging" (Franceschi et al., 2007) . Ageing and increased levels of systemic pro-inflammatory markers and oxLDL were associated with arterial stiffness (Donato et al., 2007; Kampus et al., 2007; Brinkley et al., 2009; Kim et al., 2013) . Reduced brachial artery flow-mediated dilation (FMD) and elevated nitrotyrosine expression in brachial artery ECs were pointed out in older compared to young subjects (Kim et al., 2013) . Additionally, in older men increased NAD(P)H oxidase-p47(phox) enzyme expression, together with nuclear factor-kappa B p65, a component of the redox-sensitive NF-B, were pointed out (Donato et al., 2007) . Of particular interest is the impact of oxidative stress on plasma LDL, but very low-density lipoprotein (VLDL), beta-VLDL and even HDL undergo oxidative modification that must be taken into consideration in the complex process of atherosclerosis (Parthasarathy et al., 2008) . Age-related evaluations of arteries markers of functional and structural changes in healthy subjects (175 subjects, aged 40-70 years), showed a significant association between oxLDL and carotid intima-media thickness (IMT) (Kampus et al., 2007) . In a cross-sectional study in 2295 elderly persons from the health, ageing, and body composition study, elevated plasma oxLDL levels were associated with higher arterial stiffness, independent of other traditional CVD risk factors (Brinkley et al., 2009) . In a recent 3-year longitudinal study in 57 nonobese men (aged 34-55 years) changes in arterial stiffness measured as brachial-ankle pulse wave velocities (ba-PWV) were positively correlated with the changes in waist-hip ratio (WHR), oxLDLs, plasma malondialdehyde (MDA), hs-CRP, and IL-6 levels suggesting that changes in oxidative stress, pro-inflammation or abdominal obesity could play important roles in accelerating arterial stiffness (Kim et al., 2013) . The effect of age on atherogenicity of LDL and inflammatory markers studied in 2944 healthy women (aged 30-79 years), underlined increases in plasma oxLDL levels after 50 years and higher levels of inflammatory markers: hCRP, TNF-␣) and IL-6 after 60 years of age . Since total cholesterol levels decrease after 60 years of age, the oxLDL increases with age may be due to enhancement in LDL atherogenicity under preponderantly pro-oxidant and pro-inflammatory environment.
Circulating oxLDL is associated with the development of not only atherosclerosis but also numerous other degenerative and agerelated diseases, such as rheumatoid arthritis, multiple sclerosis, osteoporosis, macular degeneration and Alzheimer's and Parkinson's diseases (Profumo et al., 2012; Besler and Comoglu, 2003; Dildar et al., 2010; Robman et al., 2004; Mazière et al., 2010; Kankaanpää et al., 2009 Plasma oxLDL were assessed using the competitive ELISA method with monoclonal antibody 4E6 (Ab-4E6), or the anti-oxidized LDL antibodies (anti-oxLDL Abs). The endothelial function was assessed by flow-mediated dilation (FMD) of the brachial artery, FMD in isolated resistance arteries from subcutaneous fat biopsies, as small artery reactive hyperemia index (saRHI), as distensibility of the carotid artery (CA) or by peripheral artery tonometry (PAT). Plasma oxidized LDL were assessed using the competitive ELISA method with monoclonal antibody 4E6 (Ab-4E6), the anti-oxidized LDL antibodies (anti-oxLDL Abs), or the LDL susceptibility to in vitro oxidation. The endothelial function was evaluated as plasma NO metabolic pathway products, NOx (NO2
Recent studies underscore the association between white blood cell (WBC) telomere length, as index of systemic ageing, oxidized LDL, and human vascular ageing expressed by the distensibility of the carotid artery. Higher levels of oxidized LDL were associated with shorter WBC telomeres and increased stiffness of the carotid artery (Nawrot and Staessen, 2008; Nawrot et al., 2010) . Also, emerging evidence suggests that increasing NO bioavailability or eNOS expression activates telomerase and delays endothelial cell senescence (Hayashi et al., 2008) . Interestingly, NO can play a dual role in atherosclerosis, some pathological vascular conditions being linked with excessive rather than reduced NO production. The inducible nitric oxide synthase isoform (iNOS), involved in immune response is synthesized by many cell types in response to pro-inflammatory cytokines (IL-6, TNF-␣, and gamma-interferon) and produces quantities of NO far exceeding those produced by the eNOS isoform. These elevated levels of NO are associated with the general cytotoxic effects of NO, as NO is a free radical with an unpaired electron (Armitage et al., 2009) . Therefore, regulation of nitric oxide synthases and bioavailability of their product become critical for the development and progression of vascular diseases, such as atherosclerosis (Napoli et al., 2006) . High levels of NO produced from iNOS in endothelial cells and macrophages can induce injury to the endothelium. Peroxynitrite (ONOO − ), the harmful product of NO interaction with superoxide (O 2
•− ), is also produced in significant amounts in atherosclerotic lesions (Chatterjee et al., 2009) . Thus, while the low concentrations of NO generated by eNOS protect against atherosclerosis by promoting vasodilatation, inhibiting leucocyte and platelet adhesion and/or aggregation and smooth muscle cell proliferation; higher concentrations of NO generated by iNOS promote atherosclerosis either directly or via the formation of NO adducts, such as peroxynitrite (Moncada and Higgs, 2006) . By combining two experimental approaches in a large sample of subjects with a wide age range (18-91 years), Rodriguez-Manas et al. (2009) determined the existence of agedependent endothelial dysfunction, both in vitro and in vivo, in subjects with no clinical cardiovascular diseases and no classical risk factors. In isolated mesenteric microvessels from these subjects, an age-dependent impairment of the endothelium dependent relaxations to bradykinin was observed. Moreover, aged microvessels showed superoxide anions (O 2 • − ) and peroxynitrite (ONOO − ) formation, as well as enhancement of NADPH oxidase and iNOS synthase expression. The expression of mRNA for eNOS did not change in mesenteric microvessels from aged subjects, whereas it was markedly enhanced for the iNOS isoform. Hence, a paradox appears whereby in ageing humans there is elevated NO production within the vasculature, associated with reduced NO bioavailability, due to free radical scavenging. The induction of the inflammatory iNOS isoform can be also related to the endothelial dysfunction associated with ageing and age-related diseases. Higher levels of plasma NO metabolic pathway products (NOx) were also pointed out in adults and elderly subjects with metabolic disorders: impaired fasting glucose (IFG) and type 2 diabetes mellitus (T2DM) (Ghasemi et al., 2011; Gradinaru et al., 2012 Gradinaru et al., , 2013 , and also in stimulated blood cells (PBMNC) from T2DM subjects (Volpe et al., 2014) . This suggests that in chronic hyperglycemia the role of eNOS changes from an anti-atherogenic effect to a pro-atherogenic effect and exacerbates in vitro inflammatory responses and iNOS expression.
In a prospective 4 years cohort study (204 subjects, aged over 55 years), Sverdlov et al. (2014) evaluated the effects of ageing on platelet aggregability and responsiveness to NO, in correlation with plasma asymmetric dimethylarginine (ADMA), an endogenous eNOS inhibitor. Thus, ageing was associated with marked deterioration of responsiveness of platelets to NO and increases in plasma ADMA concentrations to a proportional extent with adverse impact on CV outcomes.
OxLDL and NO -mechanisms in endothelial dysfunction and ageing
The NO-signaling system has a number of potential points of vulnerability-biochemical and cellular processes, which may result in impairment of the entire NO cascade. Enhanced ROS generation and overproduction of peroxynitrite in the presence of risk factors also facilitates activation of redox-dependent transcriptional factors such as NF-B and increase iNOS (Sverdlov et al., 2014; Kolluru et al., 2012) .
Numerous experimental studies have supported the harmful effects of hyperlipidemia, hyperglycemia and insulin resistance, at multiple steps in atherogenesis, including direct contributions to endothelial dysfunction, through several underlying mechanisms which involve together with NO and oxLDL, new causative factors: lectin-like oxidized LDL receptor-1 (LOX-1), p66 Shc adaptor protein, NF-B and tetyrahydrobiopterin (BH 4 ) (Xu et al., 2013; El Assar et al., 2012; Nilsson, 2008; Ungvari et al., 2012; Wadley et al., 2013) .
Lectin-like oxidized LDL receptor-1
Lectin-like oxidized LDL receptor-1 (LOX-1), the main oxLDL receptor in endothelial cells, macrophages and smooth muscle cells is implicated in pathogenesis of atherosclerosis. Soluble form of LOX-1 (sLOX-1) is associated with early stages of acute coronary syndrome (Hayashida et al., 2005) , coronary plaque vulnerability (Zhao et al., 2011) and plaque rupture (Kobayashi et al., 2013) , being considered a biochemical marker of atherosclerosis-related diseases . Also, sLOX-1 is associated with metabolic disorders (obesity, T2DM, metabolic syndrome) (Tan et al., 2008) . LOX-1 mediates the uptake of oxLDL by vascular cells being involved in endothelial dysfunction, monocyte adhesion, proliferation, migration, and apoptosis of SMC, foam cell formation, platelet activation, and plaque instability. These cellular events may be inhibited by anti-LOX-1 antibodies, and vascular LOX-1 expression and activity could be regulated by vasculoprotective drugs (Xu et al., 2013) . LOX-1 mediates the oxLDL uptake in endothelial cells by activation of protein kinase C (PKC) ␤2 and c-Jun N-terminal kinases (JNK), and by phosphorylation of p66 Shc adaptor proteins (Shi et al., 2011) . Also, LOX-1 is implicated in NOdependent endothelial impairment of coronary arterioles (Xu et al., 2007) by activation the signaling cascade involving NADPH oxidase or NF-kB-NADH oxidase -ROS (Cominacini et al., 2000; Xu et al., 2013) . Thus, due to the important role in regulating oxLDL-NO -mediated vascular reactivity, LOX-1 could represent a potential therapeutic target in endothelial dysfunction and cardiovascular diseases.
p66 Shc adaptor protein
The p66 Shc adaptor protein has a dual role in vascular dysfunction being a mediator of oxidative stress-induced vascular dysfunction and a modulator of endothelial NO production (Shi et al., 2014; Yamamori et al., 2005; Franzeck et al., 2012) . The p66 Shc may mediate endothelial dysfunction by redox-enzyme action in mitochondrial ROS generation, translation of oxidative signals into apoptosis and increased ROS production by oxidized LDL. The mechanisms of oxLDL -dependent ROS generation include: phosphorylation of the p66 Shc protein at ser36 through the lectin-like oxLDL receptor-1 (LOX-1), activation of protein kinase C beta-2, and c-Jun N terminal kinase (Shi et al., 2011) . The deletion of ageing gene p66 Shc increases endothelial nitric oxide synthase (eNOS) expression and nitric oxide (NO) bioavailability via protein kinase B and its overexpression inhibits eNOS-dependent NO production (Yamamori et al., 2005) . Recent studies on cultured human endothelial cells underline the dual role of eNOS for p66 Shc protein activation and ROS generation. The eNOS uncoupling is a crucial player in oxLDL-induced and p66 Shc -mediated intracellular ROS generation (Shi et al., 2014) . Thus, eNOS uncoupling has been considered as a putative antioxidant therapeutical target in endothelial dysfunction and CVD.
Nuclear factor-kappa B
The transcription factor NF-B, a key regulator of inflammation and oxidative stress provides an effective "transducer" for feeding forward activation of these processes. By stimulating inflammation and oxidative stress, NF-B has a key role in mediating vascular endothelial dysfunction in humans (Xu et al., 2013; Ungvari et al., 2010) . One of these roles includes the activation of the nuclear enzyme poly(ADP-ribose), polymerase (PARP-1), which leads to the production of inflammatory mediators such as iNOS, ICAM-1, and major histocompatibility complex class II. Lack of NO leads to vasodilator dysfunction and promotes endothelial apoptosis, whereas nitrative stress and increased H 2 O 2 levels lead to poly(ADP-ribose) polymerase (PARP)-1 activation, which contributes to NF-B -dependent gene transcription (Ungvari et al., 2010; Mangerich and Burkle, 2012) . NF-B, an integral factor in vascular health triad (Donato et al., 2009) , is involved in transcriptional activation of pro-inflammatory and pro-oxidative genes leading to impaired vascular function. Activation of NF-kB correlates with reduced endothelium-dependent dilation (EDD) with advancing age Donato et al., 2007 Donato et al., , 2009 ), contributing to vascular endothelial dysfunction via oxidative stress. Inactivation of NF-B increased endothelial function and reduced NADPH oxidase activity . The newly proposed model of vascular health, named vascular health triad (Wadley et al., 2013) integrate the associations and interactions of oxidative stress and inflammation with vascular dysfunction in ageing, primarily mediated by the transcriptional factor NF-B and targeting downstream NO bioavailability. The NF-B signaling inhibition might limit the vicious cycles of inflammation and oxidative stress. Thus, modulation of NF-B signaling could be a potential therapeutic target in vascular ageing prevention.
Tetyrahydrobiopterin
Tetyrahydrobiopterin (BH 4 ), essential co-factor in eNOS regulation has been recently considered as biomarker of endothelial health (Tousoulis et al., 2013) . Reduced synthesis or oxidative inactivation of BH 4 leads to reducing NO availability by uncoupled eNOS, which generates superoxide rather than NO. Increased levels of BH 4 enhance eNOS activity, promote vasodilation, and reduce oxidative stress in experimentally induced diabetes, ischemia/reperfusion, or hypertension (Faria et al., 2012; Shinozaki et al., 2000; Perkins et al., 2012) . In human studies, BH 4 treatment improves endothelial dysfunction and decreases arterial stiffness in postmenopausal women, diabetes, hypercholesterolemia, and coronary disease (Moreau et al., 2012; Holowatz and Kenney, 2011; Heitzer et al., 2000) . Recent studies in cultured human endothelial cells confirmed the BH 4 protective effect on eNOS coupling, as BH4 treatment, prior to oxLDL stimulation, has prevented p66 Shcmediated oxidative stress (Shi et al., 2014) .
Based on the strong interrelationships pointed out in numerous experimental and clinical research (Xu et al., 2013; Ungvari et al., 2012; Wadley et al., 2013; Maiolino et al., 2013a,b; Borsa et al., 2012; Gradinaru et al., 2012 Gradinaru et al., , 2013 , we summarized the mechanisms of oxidative stress-oxLDL-NO-induced endothelial dysfunction (Fig. 2) . In ageing and age-related metabolic disorders (dyslipidemia, hyperglycemia, insulin resistance, metabolic syndrome) enhancement of oxidative stress, superoxide anion excessive generation and LDL oxidation are critically involved in reduced NO bioactivity and endothelial dysfunction by direct NO elimination. Superoxide radicals (O 2
• − ), are scavenged by nitric oxide to form peroxynitrite (ONOO − ), which can oxidize tetrahydrobiopterin (BH 4 ), the cofactor in NO production by eNOS enzyme, leading to eNOS uncoupling. Uncoupled eNOS will generate more O 2 • − and reduce NO production, activating the vicious cycle.
The binding of oxLDL to its specific receptor LOX-1 activates the NADPH oxidase on the cell membrane, which increases intracellular ROS formation. Increased ROS activates the redox-sensitive NF-B signaling pathway, generating: increases of NF-B binding to LOX-1 promoter and LOX-1 expression, and amplifies LOX-1-mediated oxLDL uptake. Thus, the oxLDL binding to LOX-1 affects NO bioactivity by two mechanisms: (1) increased ROS production, which reacts with intracellular NO generating cytotoxic ONOO -, and down-regulates eNOS, decreasing NO bioavailability; (2) oxLDL, through LOX-1 receptor activates arginase II, competing with eNOS for l-arginine substrate, down-regulating NO formation, and contributing to vascular dysfunction. The eNOS uncoupling also lead to the p66Shc activation, an important mediator of oxidative stress-induced vascular dysfunction, which contributes to ROS overproduction from mitochondria and/or via NADPH oxidase. The oxidized LDL could also increase ROS production via phosphorylation of the p66Shc protein at ser36 through the LOX-1.
These complex mechanisms involved in oxLDL-NO interactions and endothelial dysfunction, atherosclerosis and CVD, could explain in part, the failure of antioxidant treatments in improving cardiovascular outcome in long-term clinical trials (Sesso et al., 2008; Parthasarathy et al., 2008) .
Taken together, in dysmetabolic status and even ageing, the oxidative stress and LDL oxidation determine reduced NO bioavailability via combinatory effects of direct elimination and decreased production of NO. These NO reduced bioavailability compromises all the anti-atherogenic functions of the endothelium. Hypothesized mechanisms shown above could be a target for interventions to protect against endothelial dysfunction, atherogenesis and cardiovascular disease.
Conclusions
LDL oxidation and NO synthesis are direct contributors to atherogenesis and also important biomarkers indicating the overall status of the organism as a result of the progressive damage of the endothelium at cellular level under the action of prooxidant pathogenic factors and ageing. oxLDL and NO are therefore oxidative stress and endothelial dysfunction biomarkers that could be modulated in the course of ageing, age-related diseases and anti-ageing interventions. Vascular ageing, formerly considered an immutable and inexorable risk factor, is now viewed as a target process for intervention in order to achieve a healthier old age. Therapeutic approaches in the prevention and treatment of atherosclerosis based on improving NO bioactivity and reducing LDL oxidation, and their related molecular mechanisms targets, may become a challenge for future research.
It has been acknowledged that a discrepancy exists between the chronological age and the signs and "marks" of biological age, as evidenced by the clinical assessment of a patient. Therefore, establishing specific biomarkers of vascular endothelium function is important in the complex evaluation of the biological age. In this regard, oxLDL and NOx were included among the oxidative stress biomarkers studied within the MARK-AGE project, European Study to Establish Biomarkers of Human ageing.
